(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(11) 



EP 0 814 333 A2 



(12) 



EUROPEAN PATENT APPLICATION 



(43) 


Date of publication: 


(51) IntCL^: G01N 21/15, G01N 21/65 




OQ-iO 1QQ7 RiillAtin 






(21) 


Application number: 97304055.3 






(22) 


Date of filing: 11.06.1997 






(84) 


Designate(d Contracting States: 


(72) 


Inventor: Keilbach, Kevin A. 


AT BE CH DE DK ES R FR GB GR IE IT LI LU MC 




Boulder, Colorado 80302 (US) 




NL PT SE 










(74) 


Representative: Gough, Peter et al 


(30) 


Priority: 18.06.1996 US 665387 




The BOC Group pic 




Chertsey Road 


(71) 


Applicant: OHMEDAINC. 




Windlesham, Surrey GU20 6HJ (GB) 




Liberty Corner, New Jersey 07938-0804 (US) 







(54) Raman gas analyzer 

(57) A photodetector is used to nnonitor contamina- 
tion of optical elements within an optical system. The 
photo(jetector is aligneid to detect nonspecular/diffuse 
reflections attributable to surface irregularities of partic- 
ulate matter residing on the surfaces of the optical ele- 
ments within the system. An increase in the intensity of 
the nonspecular reflections corresponds to increased 
levels of contamination on the surface of the optical el- 
ement. An electronic detector circuit performs signal 
processing on the photodetector output signal and gen- 



erates an output signal corresponding to the contami- 
nation level. In another aspect of the invention, the pho- 
todetector circuit is incorporated into a Raman gas anal- 
ysis system. The invention also provides a method for 
detecting nonspecular reflection in an optical resonant 
system by generating and resonating an optical energy 
beam in an optical resonant cavity so as to irradiate an 
optical element within the cavity; detecting optical ener- 
gy reflecting off the optical element; and generating an 
output signal functionally related to the intensity of the 
detected optical energy 
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Description 

The invention relates to a nnethod and apparatus for 
detecting nonspecular reflections from optical elements 
in a Raman gas analyzer system to monitor the degree 
of contamination in the system. 

Raman light scattering has been successfully used 
in critical care situations to monitor continuously a pa- 
tient's respiratory gases. This technique is based on the 
effect which occurs when monochromatic light interacts 
with vibrational/rotational modes of gas molecules to 
produce scattered light which is frequency shifted from 
that of the incident radiation by an amount correspond- 
ing to the vibrational/rotational energies of the scattering 
gas molecules. If the incident light photon loses energy 
in the collision, it is re-emitted as scattered light with low- 
er energy and consequently lower frequency than the 
incident photon. In a similar manner, if the incident pho- 
ton gains energy in the collision, it is re-emitted as scat- 
tered light with higher energy and higher frequency than 
the incident.photon. Since these energy shifts are spe- 
cies-specific, analysis of the various frequency compo- 
nents present in the Raman scattering spectrum of a 
sample provides chemical . identification of the gases 
present in the scattering volume. The intensity of the 
various frequency components, i.e , Raman spectral 
lines, provides quantification of the gases present, pro- 
viding suitable calibrations have been made. Iri this 
manner. Raman light scattering can be employed to de- 
termine the identity and quantity of various respiratory 
and anesthetic gases present in a patient's breath in op- 
erating room and intensive care situations. 

Systems developed for analysis of gases in critical 
care situations utilizing Raman scattering typically em- 
ploy gas cells which contain a sample of the patient's 
respiratory gas to be analyzed. One such system is de- 
scribed in U S. Patent No. 4,784,486. entitled "MULTI- 
CHANNEL MOLECULAR GAS ANALYSIS BY LASER- 
ACTIVATED RAMAN LIGHT SCATTERING", issued to 
Van Wagenen et aL The gas cell is located either within 
the resonant cavity of a laser or outside the cavity. In an 
intracavity system, such as that described by Van 
Wagenen, a laser beam Is directed through a resonant 
cavity such that it intercepts a respiratory gas sample 
within a gas cell. An end mirror located at one end of the 
resonant cavity redirects light Incident from a plasma 
discharge tube back through the resonant cavity where 
it again passes through the gas cell and back into the 
plasma discharge tube. A Brewster prism may be 
mounted near the end mirror to select the desired wave- 
length and polarization state of the lasing light. The end 
mirror and Brewster prism are both mounted on one or 
more plates of an alignment assembly. Raman scattered 
light from the gas analysis region within the gas cell Is 
collected by collection optics and directed through one 
or more interference fitters or other means of wave- 
length discrimination. The collection optics and interfer- 
ence filters and possibly focusing optics in turn transmit 



the Raman scattered light to appropriate detectors for 
quantifying each specific Raman signal and thus each 
specific gas comprising the respiratory gas sample. 
Intracavity systems possess the advantage that 
5 they achieve a much greater Raman scattering Intensity 
than systems In which the Raman scattering occurs out- 
side of the laser resonant cavity This greater intensity 
is a result of the fact that a laser beam transiting an in- 
tracavity arrangement propagates through the gas sam- 
pie many times, with a correspondingly higher time-in- 
tegrated Intensity of Raman scattered light being collect- 
ed from the gas sample. In contrast, an external ar- 
rangement of the gas cell may allow the laser beam few- 
er passes through the gas sample. While intracavity sys- 
75 tems benefit from a greater Raman signal strength than 
do systems having the gas cell located outside the laser 
resonant cavity, the resonator optics must be positioned 
with extreme accuracy for this advantage to be realized, 
since the multiple reflection of the laser beam within the 
20 cavity magnifies any misalignment of the cavity end mir- 
ror. Similarly, alignment and optimal component per- 
formance is critical for external resonant systems. Con- 
sequently, the cavity end mirror, the Brewster prism (If 
present), and the central axis of the laser plasma tube 
^5 must all be aligned almost perfectly with respect to each 
other at all times during operation of the gas analysis 
system. Additionally, transmission of the laser beam 
through windows, lenses, prisms, etc. and reflection of 
the laser beam from mirrors, etc. must be maintained at 
30 an optimal level or system performance will degrade due 
to loss of laser power. 

In the intracavity gas cell systems discussed above, 
windows are comnruDnly provided on either end of the 
gas cell to protect surrounding optical elements and fil- 
3S ters from contaminants which may be present In the gas 
sample. The windows further serve to confine the gas 
sample within the gas cell, thereby minimizing the vol- 
ume of the sample and thus improving the detector's re- 
sponse time. In some systems, the gas cell windows are 
40 oriented at Brewster's angle to select and improve the 
transmission of a particular polarization state of light 
passing through the sample. In this manner, optica! loss- 
es In the laser beam which passes through the cell are 
minimized. However, the gas sample, In combination 
45 with particulates often carried with the sample, may con- 
taminate the cell windows and degrade the performance 
of the system. This contamination may result in unde- 
sirable light absorption and/or scattering with a conse- 
quent decrease In the laser power circulating through 
50 the sample cell. If untreated, this contamination will 
eventually cause the system to cease to function prop-, 
eriy. 

The problem of window and cavity optics contami- 
nation has been partially solved by providing an air dam 
55 around the optics of the laser system to shield the optics 
from contaminated samples. Systems for providing 
such an dam are disclosed in U.S. Patent No. 
5.1 35.304. entitled "GAS ANALYSIS SYSTEM HAVING 
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BUFFER GAS INPUTS TO PROTECT ASSOCIATED 
OPTICAL ELEMENTS", issued to Miles et a!, and U.S. 
Patent No. 5,153.671. entitled "GAS ANALYSIS SYS- 
TEM HAVING BUFFER GAS INPUTS TO PROTECT 
ASSOCIATED OPTICAL ELEMENTS", Issued to Miles. 
In intracavity systems such as those disclosed in U.S. 
Patent 5,135,304. the sample of gas to be analyzed is 
injected near the center of the array of detectors. Simul- 
taneously, a buffer gas such as nitrogen or filtered air is 
injected on the sides of the analyzer cavity. Both gas 
streams are exhausted at an intermediate point. This 
system advantageously provides a pure gas sample 
near the detectors while protecting the optics of the res- 
onant cavity from contamination carried by the sample 
gas. 

In spite of the advances made in protecting the res- 
onant cavity optics from contamination, individual por- 
tions of the resonant cavity, including the end mirrors, 
gas cell windows, lenses, prisms, laser plasma tube, 
etc. must still occasionally be disassembled and 
cleaned of contamination, repaired or replaced. At such 
times, the optical elements are disassembled and re- 
paired or cleaned, then reassembled. The high degree 
of precision required of the optical alignment of the sys- 
tem, including the alignment of the end mirror, Brewster 
prism (if present), and plasma discharge tube, renders 
field repairs difficult. Thus, most repairs are presently 
made at the factory where the system can be placed on 
an optical bench or fixture for precision alignment of the 
components - 

A decision to repair resonant cavity optics is typi- 
cally made based. (1) on the number of hours such op- 
tics have been in service; (2) on some periodic service 
interval; or (3) when a human operator notices degra- 
dation in the functional performance of the unit. Deci- 
sions to maintain resonant cavity optics on such bases 
may result in optical performance degradation to the ex- 
tent that the cavity no longer performs at an optimal lev- 
el. Moreover, the lack of a quaritifiable basis on which 
to predicate maintenance of the cavity optics also may 
result in too frequent, and hence, unnecessary mainte- 
nance. A more cost effective basis for justifying such 
maintenance would be based on some quantifiable per- 
formance criteria of the cavity. Therefore, a need exists 
for a method and system for monitoring the level of par- 
ticulate contamination on the surfaces of the optical el- 
ements in the cavity. 

As described above, progress has been made In 
preventing contamination of the optical elements in Ra- 
man gas analyzer systems. However, in present sys- 
tems, the most prevalent means for monitoring the sys- 
tem for contamination is to monitor the total laser power 
circulating in the cavity. Since this is a relatively large 
number compared to the losses initially caused by con- 
tamination, it does not provide a very sensitive meas- 
urement for contamination and it does not provide infor- 
mation which is useful for localizing the source of con- 
tamination. Furthermore, other factors affect total laser 



power circulating in the cavity, including: contamination 
of any one of the optical surlaces; misalignment of the 
optical components; occlusion of the intracavity space; 
increased Raleigh scattering by gas constituents in the 
5 measurement cell; or malfunction of the laser gain me- 
dium. Heretofore, no systems have incorporated means 
specifically designed for detecting and measuring con- 
tamination at selected locations in the system. Thus, 
contamination of the laser optics in the laser cavity from 
10 dust, dirt, particulate matter or film build up is still a major 
problem which can make it difficult to sustain reliable 
lasing in an unsealed laser resonator. 

It is an aim of the present invention to include a con - 
lamination monitor which solves many of the problems 
15 mentioned above by placing a light sensitive detector in 
close proximity to an optical element (including mirrors, 
windows, prisms, lenses, etc.) to be monitored. The de- 
tector is positioned at an angular orientation with respect 
to the optical element such that the detector receives 
20 nonspecular light which is reflected or scattered from the 
optical element. The detector outputs a signal which is 
. a measure of the intensity of the nonspecular light re- 
ceived. The magnitude of the detector output signal pro- 
vides an indication of the degree of contamination ori 
2S the optical component. This contamination monitor thus 
provides information which is more specific than previ- 
ously available, i.e., if several optical components are 
being monitored, the output signals from the respective 
detectors provide quantitative information which indi- 
30 cates the relative degree to which each optical compo- 
nent is contaminated. Armed with this information, trou- 
ble shooting and repair is greatly enhanced. 

According to one aspect of the present invention, a 
system for detecting contamination on a surface of an 
35 optical element in an optical system is characterised by: 

an optical energy source disposed to generate a 
beam of optical radiation for transmission in the op- 
tical system and irradiation of the optical element; 

40 

an optical energy detector positioned to detect non- 
specular optical energy scattered from the surface 
of the optical element; and 

45 a detector circuit operably coupled to said optical 
energy detector to receive signals from said optical 
energy detector which are representative of an in- 
tensity of the optical energy scattered from the sur- 
face of the optical element detected by said optical 

50 energy detector, said detector circuit having an out- 
put which produces an electronic signal which is 
representative of the intensity of the optical energy 
scattered from the surface of the optical element. 

55 Preferably, a photodetector mounted adjacent to an 
optical element within an optical system is aligned to de- 
tect nonspecular reflections attributable to surface irreg- 
ularities due to contaminates, typically in the form of par- 
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tides, residing on the surface of the optical element. An 
increase in the intensity of the nonspecular reflections 
corresponds to increased levels of contamination. A de- 
tector electronics circuit performs signal processing on 
the photodetector output signal and generates an output 
signal related to the intensity of the detected reflections. 

The photodetector circuit may be incorporated into 
a Raman gas analysis system. The photodetector de- 
tects nonspecular optical reflections from the optical el- 
ements within an optical resonant cavity comprising the 
system. Such nonspecular reflections result from the ac- 
cumulation of particulate matter (contaminants) on the 
surfaces of the optical elements. The particulate matter 
IS conveyed by test gases introduced into a gas analysis 
cell comprising the system. 

According to a further aspect of the present inven- 
tion, a method for detecting contamination of an optical 
element in an optical system comprises the steps of: 



an optical element positioned in said optical path; 
and 

a contamination detector positioned with respect to 
said optical element such that it receives and de- 
tects nonspecular light scattered out of said laser 
beam by said optical element. 



generating an optical beam; 

positioning the optical element in the optical sys- 
tem; f / 

irradiating the optical element with the optical beam; 

positioning an optical detector with respect to the 
optical element such that the optical detector re- 
ceives nonspecular optical radiation scattered from 
the optical beam by contamination located on a sur- 
face of the optical element; 

detecting the nonspecular optical radiation scat- 
tered from the surface of the optical element; and 

generating an output signal which is representative 
of ah intensity of the nonspecular optical radiation 
scattered from the sufface of the optical element. 

According to yet a further aspect of the present in- 
ventor an apparatus for the analysis of gases in a gas 
sample by Raman light scattering comprises: 

a laser light source for producing and transmitting 
a laser beam of optical radiation along an optical 
path; 

a gas sample cell to receive and hold the gas sam- 
ple in an interior region of said gas sample cell, 
wherein said gas sample cell is positioned in said 
optical path to receive said laser beam of optical ra- 
diation from said laser light source; 

a Raman scattered light detector positioned with re- 
spect to said gas sanriple cell such that it receives 
and detects Raman scattered light from the gas 
sample; 



In a prefered embodiment, the laser light source 
^0 may further comprise a laser having a resonant cavity 
and the gas sample cell and the optical element may be 
located within the laser resonant cavity Additionally, the 
optical element may further comprise any one of a win- 
dow, lens, prism, Brewster window or filter Insomecon- 
figurations, this embodiment further comprises an elec- 
tronic circuit operably coupled to the contamination de- 
tector and configured to generate an output signal relat- 
ed to the intensity of the nonspecular light scattered out 
of the laser beam by the optical element. The contami- 
20 nation detector may further comprise any one of a pho- 
todiode, a photomultiplier tube or a phototransistor. Ad-, 
ditionally. in some embodiments, the gas sample cell 
may further comprise a passive resonant cavity which 
is pumped by the laser light source. 

The apparatus for the analysis of gases in a gas 
sample by Raman light scattering may comprise: a laser 
light source for producing and transmitting a laser beam 
of optical radiation along an optical path, the laser light 
source including a resonant cavity having losses in the 
30 range of from approximately 1000 parts per million 
(PPM) to 2500 PPM; a gas sample cell positioned within 
the resonant cavity to receive and hold the gas sample 
in an interior region of the gas sample cell, wherein the 
gas sample cell is positioned in the optical path to re- 
3S ceive the laser beam of optical radiation from the laser 
light source; and a Raman scattered light detector po- 
sitioned with respect to the gas sample cell such that it 
receives and detects Raman scattered light from the gas 
sample. 

Embodiments of the invention will now be de- 
scribed, by way of example, reference being made to 
the Figures of the accompanying diagrammatic draw- 
ings in which:- 

Figure 1 illustrates a system for detecting nonspec- 
ular optical reflections from the surface of optical ele- 
ments located within an optical resonant cavity which 
embodies various features of the present invention. 

Figure 2 illustrates an example of a particular em- 
bodiment of a system for detecting nonspecular optical 
^0 reflections from the surfaces of optical elements located 
within a Raman gas analysis system. 

Figure 3 is an enlarged view of a section of the Ra- 
man gas analysis system Illustrated in Figure 2. 

Figure 4 is a cross-sectional view of a Raman spee- 
ds troscopy system embodying various features of the 
present invention. 

Figure 5 is a cross-sectional view of the Raman 
spectroscopy system of Figure 4 taken along line 5-5. 
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Figure 6 shows another Raman spectroscopy sys- 
tem embodying various leatures of the present inven- 
tion. 

Throughout the figures, like reference numbers re- 
fer to like elements. 

The present invention provides a photodetector for 
detecting diffuse scattered light, i.e., nonspecular reflec- 
tions, from contamination residing on a surface of an op- 
tical element located in an optical system, thereby mon- 
itoring the performance of the optical system. As illus- 
trated in Figure 1, diffuse scattered light, i.e.. nonspec- 
ular reflections 64, generally rjefers to optical energy 
scattered over a wide range of angles off surface irreg- 
ularities 68 on an othenwise smooth reflective surface 
72 of an optical element. Specular reflection 65, to be 
distinguished from diffuse scattered I ight/non specular 
reflection 64, refers to optical energy generally reflecting 
at a specific angle off of a clean, smooth surface 72 of 
an optical element, where such angle is related to the 
angle of incidence between the incident optical energy 
44 and the surface 72. 

Referring now to Figure 1 . there is shown an optical 
resonant cavity 20 which includes a plasma discharge 
tube 24 positioned at one end of a plasma tube housing 
28. A first reflector 32 mounted at one end of the plasma 
discharge tube 24 and a second reflector 36 optically 
aligned with the first reflector 32 and mounted at the end 
of the plasma tube housing 28 opposite the reflector 32 
together define the length of the optical resonant cavity 
20. A Brewster window 40 may preferably be mounted 
at the end of the plasma discharge tube 24 opposite the 
first reflector 32 so as to be interposed between the first 
and second reflectors 32 and 36, respectively. A lasing 
gas mixture, not shown, capable of lasing is confined 
within the plasma discharge tube 24. Optical energy in 
the form of an optical beam 44 is output by the plasma 
discharge tube 24 through the Brewster window 40 and 
resonates between the reflectors 32 and 36. The Brews- 
ter window 40 may be employed for low-loss transmis- 
sion of a particular polarization state of optical beam 44. 
The reflectors 32 and 36, and Brewster window 40 each 
may be categorized as an optical element, i.e., a struc- 
ture that, for example, reflects, refracts, filters, and/or 
changes the polarization state of an optical beam. 
As shown in Figure 1 , the optical resonant cavity 20 may 
include one or more photodetector circuits 48a and 48b 
for detecting nonspecular optical signals 64 reflecting 
off ot the optical elements within the optical resonant 
cavity 20. Hereinafter, the photodetector circuits 48a 
and 48b may be referenced collectively as photodetec- 
tor circuits 48. Photodetector circuits 48 each include a 
photodetector 52 which generates an output signal 56 
which is provided to a detector electronics circuit 60 for 
suitable signal processing. The output signal 56 repre- 
sents the intensity of nonspecular optical signals 64 
• scattered from particulate contamination 68 on the var- 
ious optical elements in the optical resonant cavity 20. 
By way of example: 1 ) photodetector 52 of photodetec- 



tor system 48a preferably is positioned within the plas- 
ma tube housing 28 so as to detect the intensity of non- 
specular optical signals 64 scattering from any particu- 
late contamination 68 accumulated on the surface 72 of 
5 the Brewster window 40; and 2) photodetector 52 of 
photodetector system 48b is positioned within the plasm 
tube housing 28 so as to detect the intensity of nonspec- 
ular optical signals 64 scattering Irom any particulate 
contamination 68 accumulated on the surface 76 of re- 
10 flector 36. 

For purposes of illustration, the operation of photo- 
detector system 48a, described below, is equally appli- 
cable to the operation of photodetector system 48b. An 
output signal 56 generated by photodetector 52 is pref- 
75 erably provided to a detector electronics circuit 60 for 
suitable signal processing. Detector electronics circuit 
60 generates an output signal 80 representing the in- 
tensity of nonspecular optical signals 64 detected by the 
photodetector 52. The output signal 80 may be provided 
20 to a data processor (not shown) or to a display (not 
shown). By way of example, the photodetector 52 may 
be a photodiode, photomultiplier {PWi) tube, phototran- 
sistor, or any other device capable of detecting optical 
energy. Increases in the intensity of nonspecular optical 
25 signals 64 correspond to increased particulate contam- 
ination 68 on the surface 72 of the Brewster window 40. 
By way of example, an increase in the intensity of non- 
specular optical signals 64 causes an increase in the 
level of output signal 56 generated by photodetector 52; 
30 and a decrease In the intensity of nonspecular optical 
signals 64 causes a decrease in the level of output sig- 
nal 56 generated by photodetector 52. 

The example of optical resonant cavity 20 illustrated 
in Figure 1 shows two photodetectors 52 positioned to 
35 detect nonspecular reflections from the Brewster win- 
dow 40 and reflector 36. However, it is to be understood 
that the scope of the invention includes positioning any 
number of photodetectors within the optical resonant 
cavity 20 so as to detect nonspecular reflections from 
40 any number of optical elements that may be included 
within the optical resonant cavity. 

Referring to Figure 2, a second embodiment of the 
present invention provides a photodetector circuit for 
monitoring the level of nonspecular reflection from the 
45 optical elements in a gas analysis cell 84 in a Raman 
gas analysis system 88 in order to determine the level 
ot particulate contamination at various locations within 
the system, the Raman gas analysis system 88 illus- 
trated in Figures 2 and 3 is described in U.S. Patent Ap- 
50 plication Serial No. 08/366,840, entitled "RAMAN GAS 
ANALYSIS SYSTEM WITH PRECISION OPTICAL 
ALIGNMENT FEATURES", incorporated in its entirety 
herein by reference. This system has an optical reso- 
nant cavity which includes a plasma discharge tube 100 
55 and has a volume which is defined by a first reflector 92 
and a second reflector 96. The plasnna discharge tube 
100 is affixed within one end of a plasma tube housing 
104. The second reflector 96 is supported by an optical 
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alignment structure 108 nrwuntedtothe end of a housing 
112 opposrte the plasma discharge tube 100 The first 
reflector 92 is preferably a high reflectivity mirror having 
a reflectwity greater than 9o.oo/„ jhe second reflector 
95 preferably comprises a second high reflectivity mir- 
ror. A Brewster prism 116 is preferably inserted in the 
cavity to select a particular wavelength and polarization 
state of light beam 120. The light beam 120 resonates 
along a path .n the gas analysis system 88 between the 
first and second reflectors 92 and 96. Such path defines 
an optical resonant cavity. A lasing gas mixture capable 
Of lasing is confined within the plasma discharge tube 
1 00 and a Brewster window 1 24 is positioned at the end 
of the discharge tube 100 adjacent the output such that 
the light beam 1 20 resonating within theoptical resonant 
cavity enters and exits the discharge tube 100 throuqh 
the Brewster window 124. 

As shown in Figures 2 and 3. the gas analysis cell 
84 IS positioned intemriediate the Brdwster window 124 
and second reflector 96 within the optical resonant cav- 
ity. The analysis cell 84 comprises housing 112 which 
encloses an analysis chamber 128. The housing 112 is 
mounted to an end of the plasma tube housing 104 op- 
posite the plasma discharge tube 100. The analysis cell 
84 includes two buffer gas regions 1 32 and 1 36 on either 
end of the analysis chamber 1 28. The analysis chamber 
128 IS connected to a source of sample gas to be ana- 
lyzed by a gas sample inlet port 140. The gas analysis 
cell 84 further comprises a plurality of output channels 
144 which have optical axes approximately perpendic- 
ular to the optical axis of the laser resonator and which 
form optical passageways between the analysis cham- 
ber 128 and the outside of the gas cell 84. A first buffer 
gas inlet port 148 is connected to the buffer region 136 
adjacent the Brewster window 124 and a second buffer 
gas inlet port (not shown) is connected to the buffer re- 
gion 132 adjacent the Brewster prism 116 and second 
reflector 96. Additionally, the gas cell 84 includes a first 
output port 152 connected to the buffer region 136 at 
the end of the analysis chamber 1 28 nearest the Brews- 
ter window 124. The output port 152 is positioned inter- 
. mediate the gas sample inlet port 1 40 and the first buffer 
gas inlet port 148. A second output port 1 56 is connect- 
ed to the buffer region 132 at the end of the analysis 
Chamber 128 nearest the second reflector 96. The out- 
put port 155 is positioned Intemiediate the gas sample 
inlet port 140 and the second buffer gas inlet port. 

Referring to Figure 3. the Raman gas analysis sys- 
tem 88 may include one or more photodetector circuits 
as for example, photodetector circuits 48c 48d 4Se 
collectively referenced as photodetector circuits 4^' 
Photodetector circuits 48 each include a photodetector 
52 w/hich generates an output signal representing the 
intensity of nonspecular optical signals 64 reflecting off 
the vanous optical elements in the Raman gas analysis 
system 88 that are detected by the photodetector cir- 
cuits 48. By way of example: 1 ) photodetector 52 of pho- 
todetector system 4Sc preferably is positioned within the 



buffer gas region 1 Si to detect the intensity of nonspec- 
ular optical signals 64 reflecting off the surface of sec- 
ond reflector 96; 2) photodetector 52 of photodetector 
system 48d is positioned within buffer gas region 1 32 to 
detect the intensity of nonspecular optical signals 64 re- 
flecting off the surface of the prism 116; and 3) photo- 
detector 52 of photodetector system 48e is positioned 
within buffer gas region 136 to detect the intensity of 

,n "fTu ''f ""^^ "P^*^' ^'9"^'^ ^ reflecting off the surface 
of the Brewster window 124. 

It is to be understood that the operation of photode- 
tector system 48e, described below, is equally applica- 
ble to the operations of photodetector systems 48c and 
48d. Still referring to Figure 3, photodetector circuit 48e 
includes a photodetector 52 mounted within the buffer 
gas region 1 36 so as to detect nonspecular optical sig- 
nals 64. If present, reflecting off any particles or residue 
(not shown) residing on the surface of Brewster window 
_ 1 24. An output signal 56 of photodeteiadr 52 is provided 
o to a detector electronics circuit 60 for signal processing 
Detector electronics circuit 60 generates an output sig- 
nal 80 representing the intensity of nonspecular signals 
64 detected by the photodetector 52. The output signal 
80 may be provided to a data processor (not shown) or 
to a display (not shovwi) to indicate the intensity of non- 
specular signals 64 detected by the photodetector 52 
The photodetector 52 may be a photodiode, photomul- 
tiplier (PM) tube, phototransistor, or any other device ca- 
pable of detecting optical energy. Increases in the inten- 
sity of nonspecular signals 64 correspond to increased 
particulatecontamination on the surface of the Brewster 
window 124. By way of example, an increase in the in- 
tensity of nonspecular optical signals 64 causes an in- 
crease in the level of output signal 56 generated by pho- 
3S todetector 52; and a decrease in the intensity of non- 
specular optical signals 64 causes a decrease in the lev- 
el of output signal 56 generated by photodetector 52 

Figure 3 shows three photodetector systems 48 em- 
ptoyed to detect nonspectral optical signals 64 reflecting 
40 off the various optical elements in the optical resonant 
cavrty. However, it is to be understood that the scope of 
the inventbn includes the use of any number of photo- 
detector systems to detect nonspectral optical signals 
reflecting off one or more of the optical elements in the 
■<« optical resonant cavity. 

With reference to Figure 3, a gas sample which is 
to be analyzed enters the sampling cell 84 through the 
inlet port 140 and is contained within the analysis cham- 
ber 128. The laser discharge tube 100 emits a light 
beam 1 20 having characteristic wavelengths dependent 
upon the type of lasing gas within the discharge tube 
100. The wavelength(s) and polarization of the light 
beam 120 resonating within the cavity are selected by 
the orientation of the Brewster prism 11 6. andthe nature 
of the mirrored coatings on the reflecting end mirrors 92 
(Figure 2) and 96. The light beam 120 resonates over a 
distance between the first and second reflectors 92 and 
96 through the length of the analysis chamber 128 of 
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the gas analysis cell 84 and through Brewster prism 116. 
Such distance defines the length of the optical resonant 
cavity. Brewster window 1 24 seals the gas within the dis- 
charge tube 1 00 while also providing polarization control 
of the light beam 120 by completely transmitting light 
having a preferred polarization state. 

Inside the analysis chamber 1 28 of the sample cell 
84, the light beam 1 20 resonating in the optical resonant 
cavity passes through the sample of the gas to be ana- 
lyzed. The Raman scattered radiation from the gas sam- 
ple is collected over as large a solid angle as possible 
by individual detector channels 144, which are located 
approximately perpendicular to and on either side of the 
axis of the light beam 1 20. The Raman signals can then 
be collected by optics, sensed by detectors and ana- 
lyzed with a microprocessor (not shown) associated 
with the detector channels 1 44. Based on such analysis, 
the identity and concentration of each specific gas com- 
prising the gas sample contained within the analysis 
chamber 128 can be determined. A more detailed de- 
scription of this analysis process can be found in U.S. 
Patent No. 4,784,486, entitled "MULTI-CHANNEL MO- 
LECULAR GAS ANALYSIS BY LASER- ACTIVATED 
RAMAN LIGHT SCATTERING", Issued to Van 
Wagenen et al., assigned to the assignee of the present 
application and incorporated herein by reference. Fur- 
ther detailed descriptions of various aspects of Raman 
Gas Analysis systems are disclosed in commonly as- 
signed U.S. Patent No. 5,1 35,304, entitled "GAS ANAL- 
YSIS SYSTEM HAVING BUFFER GAS INPUTS TO 
PROTECT ASSOCIATED OPTICAL ELEMENTS", is- 
sued to Miles et al.; U.S. Patent No. 5,153,671. entitled 
"GAS ANALYSIS SYSTEM HAVING BUFFER GAS IN- 
PUTS TO PROTECT ASSOCIATED OPTICAL ELE- 
MENTS', issued to Miles; U.S. Patent No. 5,245,405, 
.entitled "CONSTANT PRESSURE GAS CELL", issued 
to Mitchell et al., and U.S. Patent Application Serial No. 
08/366,840, entitled "RAMAN GAS ANALYSIS SYS- 
TEM WITH PRECISION OPTICAL ALIGNMENT FEA- 
TURES", each of which is hereby incorporated herein 
by reference. 

Referring to Figure 4, there is shown a cross-sec- 
tional view of a Raman spectroscopy system 200 em- 
bodying various features of the present invention. A Ra- 
man spectroscopy system is used to analyze the con- 
stituents of a gas based upon the spectral components 
of optical energy resulting from interaction between the 
optical energy and the gas. Raman spectroscopy sys- 
tem 200 includes a detector unit 204, a gas sample cell 
subsystem 208, and a plasma tube housing 212. The 
gas sample cell subsystem 208 includes sample gas in- 
let and outlet ports (not shown) by which sample gas 
. may be admitted and exhausted from a transparent gas 
sample cell 216 mounted in the gas sample cell subsys- 
tem 208. 

Figure 5 is a cross-sectional view of the Raman 
spectroscopy system 200 taken along line 5-5 of Figure 
4. Referring to Figures 4 and 5, the gas sample cell sub- 



system 208 is positioned within a laser resonant cavity 
220 comprising an optical gain system, such as a plas- 
ma discharge tube 224, a first mirror 228 mounted at a 
first end 232 of the plasma discharge tube 224 and a 
5 second mirror 236 optically aligned with the first mirror 
228. 

The plasma discharge tube 224 generates and 
emits a light beam 240 which resonates within the res- 
onant cavity 220 between the mirrors 228 and 236, 
10 thereby defining a laser. By way of example, the plasma 
discharge tube 224 may preferably be implemented as 
a Helium-Neon plasma discharge tube sealed by the 
first mirror 228 at end 232 and by a Brewster window 
248 at end 244. The first mirror 228 is integrally mounted 
15 to the plasma discharge tube 224 in a pre-aligned, 
sealed configuration. The Brewster window 248 selects 
a single polarization state lor the light beam 240. Plasma 
discharge tubes suitable for use in the present invention 
may be of the type commercially available from Melles 
20 Griot Laser Division in San Diego, California, such as 
Model No 05-LHB-566. While the description of the 
plasma discharge tube 224 is described above as a He- 
lium-Neon plasma discharge tube, it is to be understood 
that the optical gain system alternatively may be imple- 
25 mented using other types of lasers, e.g., other gas la- 
sers, solid state lasers or laser diodes. 

As illustrated in Figure 4, the plasma tube housing 
21 2 may be mounted to the gas sample cell subsystem 
208 using a gas-tight, interference fit which preferably 
30 may be of the type described in co-pending U.S. Patent 
Application Serial No. 08/366.840, filed December 30. 
1994, entitled "Raman Gas Analysis System with Pre- 
cision Optical Alignment Features." incorporated herein 
by reference, and assigned to the assignee of the 
35 present application. The second rnirror 236 preferably 
is mounted on a precision optical positioning system 256 
mounted to the end of the gas sample cell 208, as for 
example, by threaded screws, not shown. The precision 
optical positioning system 256 preferably may be of the 
40 type described in co-pending U.S. Patent Application 
Serial No. 08/366,840. filed December 30, 1994, entitled 
"Raman Gas Analysis System with Precision Optical 
Alignment Features", referenced herein above. The pre- 
cision optical alignment system 256 is adjustable to pro- 
45 vide extremely precise angular adjustments of the posi- 
tion of the second mirror 236 to optimize resonance of 
the light beam 240 within the resonant cavity 220. 

The reflectivity of the second mirror 236 of the laser . 
resonant cavity 220 may be such that light loss from the 
50 system 200 is in the range of about 1000 parts per mil- 
lion (ppm) to 2500 ppm. This loss level provides light 
beam 240 sufficient power to provide an adequate Ra- 
man signal, while obviating the need to place a prism in 
front of the second mirror 236 so that the light beam 240 
55 incident on the mirror 236 has a single lasing wave- 
length. 

As shown in Figures 4 and 5, the gas sample cell 
subsystem 208 is provided with a light output port 260. 



7 



INSDOCID: <EP 0814333A2.L> 



13 



EP 0 814 333 A2 



14 



Collection optics 264 are optically coupled to the light 
output port 260. The collection optics 254 gather light 
signals 26S emitted from the gas cell 216 that are direct- 
ed to the light output port 260. Collection optics 264 di- 
rect the light signals 268 to an entrance slit 272 of the s 
detector unit 204. Preferably, the slit 272 is rectangularly 
shaped having a longitudinal axis which is parallel to the 
light beam 240. Mirror 276 mounted to the side of plas- 
ma tube housing 212 reflects any incident light signals 
268 towards the collection optics 264 to increase the sig- io 
nal strength of the light signals 268 which are focused 
on the entrance slit 272. A laser line rejection filter 280 
preferably is Included In the optical path between the 
light output port 260 and the entrance slit 272 to filter 
out scattered light having the wavelength of the light is 
beam 240 circulating within the laser resonant cavitv 
220. ' 

The detector unit 204 further includes a reflecting 
holographic grating 284 and an array detector 288. In 
one embodiment of the system 200. the holographic 20 
grating 284 may be approximately 50 mm in diameter, 
and have a focal length of approximately 100 mm and 
a groove density of 1110 grooves/mm. Such a grating 
may be purchased from American Holographic, in Little- 
ton, Massachusetts as Part No. 491.75. 2s 

Raman scattered light signals 268 scattered by a 
gas sample contained in the gas sample cell 216 pass 
through the light output port 260 and are collected, fil- 
tered, and focused on the entrance slit 272 by the col- 
lection optics 264 and laser line rejection filter 280. Typ- 30 
ically. the Raman scattered light signals 268 comprise 
a plurality of discrete wavelengths. After passing 
through the entrance slit 272. the Raman scattered light 
signals 268 are incident on the reflecting holographic 
grating 284. The reflecting hobgraphic grating 284 sep- 35 
arates the plurality of discrete wavelengths comprising 
light signals 268 into discrete wavelength light signals 
270. The discrete wavelength light signals 270 are re- 
flected and focused by the reflecting holographic grating 
284 onto the array detector 288. By way of example 40 
array detector 288 may preferably be implemented as a 
charge-coupled device (CCD) array detector. 

The reflecting holographic grating 284 preferably 
projects a rectangular or square image of the entrance 
slit 272 onto the array detector 288. 45 

CCD detector 288 advantageously converts light 
signals 270 into signals which are Indicative of the In- 
tensities of the discrete wavelength light signals 270 
comprising light signals 268. The CCD detector 238 may 
be implemented as an 51 2 X 1 28 pixel device. Such a so 
CCD detector may be purchased from Hamamatsu Pho- 
tonics KK, Hamamatsu City. Japan, as a single, hermet- 
ically-sealed package which includes a TE cooler as 
part number S5769-0907. 

As shown in Figure 5, the plasma tube housing 212 ss 
may include a photodetector circuit 48f for detecting 
nonspecular optical signals scattered from particulate 
contaminates on the optical elements within the plasma 



tube housing 212. Hereinafter, the photodetector circuit 
48f may also be referenced as photodetector circuit 43. 

Photodetector circuit 48f is generally identical in op- 
eration to photodetector circuits 48a-48e, described 
herein above. By way of example, photodetector 52 of 
photodetector system 48f preferably Is positioned within 
the plasma tube housing 21 2 so as to detect the intensity 
of nonspecular optical signals 64 scattered from any 
particulate contamination accumulated on the surface 
of any optical component of the gas sample cell 21 6, the 
mirror 236 or the Brewster window 248. 

Referring to Figure 6, there is shown a Raman gas 
analysis system 400 embodying various features of the 
present invention and having a passive optical resonant 
cavity which includes photodetector circuits for monitor- 
ing the level of any nonspecular reflections off any par- 
ticulate contamination accumulated on the optical ele- 
ments within the cavity. A passive optical resonant does 
not include an optical power source within the cavity, I. 
e., optical power is supplied by a source external to the 
cavity. 

The Raman gas analysis system 400 includes a la- 
ser 402, an optics system 404, and a gas analysis cell 
405. The gas analysis cell 405 comprises a tube 406 
having opposed gas tight end seals 408 and 410. A par- 
tially reflective mirror 412 is mounted to end seal 408 
and a reflective mirror 414 is mounted to end seal ^10 
By way of example, the mirrors 41 2 and 41 4 are prefer- 
ably concave mirrors having reflective surfaces which 
face each other and have coincident optical axes to de- 
fine an optical resonant cavity therebetween. Gas Inlet 
port 416 and gas outlet port 418 allow gas to be intro- 
duced and exhausted from the gas analysis cell 405. 

The gas analysis system 400 further includes pho- 
todetector circuits 481 and 48] for detecting nonspecular 
reflections off particles accumulated on the optical ele- 
ments, i.e., mirrors 412 and 414, within the gas analysis 
cell 405. Photodetector circuits 48i and 48j are prefera- 
bly Identical in construction and operation to photode- 
tector circuits 48a-48f. described herein above. Photo- 
detector 52 of photodetector circuit 48i is mounted within 
the gas analysis cell 405 so as to detect nonspecular 
optical signals 64 reflecting off any particulate contam- 
ination accumulated on mirror 412. Likewise, photode- 
tector 52 of photodetector circuit 48j is mounted within 
the gas analysis cell 405 so as to detect nonspecular 
optical signals 64 reflecting off any particulate contam- 
ination accumulated on mirror 414. 

In the operation of Raman ^as analysis system 400, 
laser 402 generates a laser beam 420 which is directed 
by optics system 404 through partially reflective mirror 
412.into the gas analysis cell 405. After being injected 
into the gas analysis cell 405, the laser beam 420 is re- 
flected, by mirror 414 back to mirror 412. and thereby 
resonates therebetween. The laser beam 420 may be 
Raman shifted as a result of the interaction between the 
gas 422 which passes through the gas analysis cell 405 
Particulate contamination (riot shown) accumulated on 
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the surfaces of mirrors 41 2 and 41 4 results in nonspec- 
ular optical signals 64 reflecting off the mirrors. The op- 
tical signals 64 are detected by corresponding photodi- 
odes 52 of photodetector circuits 48i and 48j. Thus, the 
present invention provides a system tor monitoring the 
level of particulate contamination on the optical ele- 
ments within the gas analysis cell. 

It is to be understood that the present inventbn pro- 
vides a method and system for monitoring the level of 
particulate contamination within an optical system by 
detecting nonspecular optical radiation reflected from 
the surfaces of optical elements within the system. In 
light of these teachings, numerous other embodinrtents 
of the invention may become obvious to one skilled In 
the art. For example, while the invention has been de- 
scribed in terms of monitoring contamination on optical 
elements in a resonant and also a non-resonant cavity, 
and more particularly, in a Raman gas analysis system, 
It is to be understood that the invention also applies to 
any optical system wherein monitoring contamination 
on optical elements is desirable 
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having a resonant cavity 20 and the optical element 
40 is located within said laser resonant cavity 20. 

A method of detecting contamination of an optical 
element in an optical system comprising the steps 

of: 
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1. A system for detecting contamination 68 on a sur- 
face of an optical element 40 in an optical system 
characterised by: 

an optical energy source 24 disposed to gener- 
ate a beam of optical radiation for transmission 
in the optical system and irradiation of the op- 
tical element 40; 

an optical energy detector 52 positioned to de- 
tect nonspecular optical energy 64 scattered 
from the surface 72 of the optical element 40; 
and 

a detector circuit 60 operably coupled to said 
optical energy detector 52 to receive signals 
from said optical energy detector which are rep- 
resentative of an intensity of the optica! energy 
scattered from the surface of the optical ele- 
ment detected by said optical energy detector, 
said detector circuit 60 having an output virtnich 
produces an electronic signal which is repre- 
sentative of the intensity of the optical energy 
scattered from the surface of the optical ele- 
ment 40. 

2. A system as claimed in Claim 1 wherein said optical 
energy detector 52 further comprises one of either 
a photodiode, a photomultiplier tube or a phototran- 
sistor. 

3. A system as claimed in Claim 1 or 2 wherein said 
optical energy source 24 further comprises a laser 
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generating an optical beam; 

positioning the optical element in the optical 

system; 

irradiating the optical element with the optical 
beam; 

positioning an optical detector with respect to 
the optical element such that the optical detec- 
tor receives nonspecular optical radiation scat- 
tered from the optical beam by contamination 
located on a surface of the optical element; 

detecting the nonspecular optical radiation 
scattered from the surface of the optical ele- 
ment; and 

generating an output signal which is represent- 
ative of an intensity of the nonspecular optical 
radiation scattered from the surface of the op- 
tical element. 

5. A method as claimed in Claim 4 wherein: 

the step of generating an optical beam further 
comprises the step of selecting a laser having 
a resonant cavity; and 

the step of positioning an optical detector fur- 
ther comprises the step of positioning the opti- 
cal detector within the laser resonant cavity. 

An apparatus for the analysis of gases in a gas sam- 
ple by Raman light scattering comprising: 

a laser light source 1 00 tor producing and trans- 
mitting a laser beam 120 of optical radiation 
along an optical path; 

a gas sample cell 84 to receive and hold the 
gas sample in an interior region of said gas 
sample cell, wherein said gas sample cell 84 is 
positioned in said optical path to receive said 
laser beam 1 20 of optical radiation from said 
laser light source 100; 

a Raman scattered light detector positioned 
with respect to said gas sample cell 84 such 
that it receives and detects Raman scattered 
light from the gas siample; 
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an optical element 1 1 S positioned in said optical 
path; and 

a contamination detector 52 positioned with re- 
spect to said optical element 116 such that it s 
receives and detects nonspecular light 64 scat- 
tered out of said laser beam 1 20 by said optical 
element 116. 

7. An apparatus as claimed in Claim 6 wherein said io , 
laser light source 1 00 further comprises a laser hav- 
ing a resonant cavity and said gas sample cell 84 
and said optical element 1 1 6 are located within said 
laser resonant cavity. 

8. An apparatus as claimed in Claim 6 or 7 further 
comprising an electronic circuit 60 operably cou- 
pled to said contamination detector 52 and config- 
ured to generate an output signal related to the in- 
tensity of said nonspecular light 64 scattered out of 20 
said laser beam by said optical element 11 6. 

9. An apparatus as claimed in Claim 6, 7 or 8 wherein 
said gas sample cell 84 further comprises a passive 
resonant cavity which is pumped by said laser light 2£ 
source 100. 

10. An apparatus as claimed in any one of claims 6. 7 
8 or g in which said laser light source 100 includes 

a resonant cavity having losses in the range of from 30 
approximately 1 000 parts per million (PPM) to 2500 
PPM: 
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(54) Raman gas analyzer 

(57) A photodetector (52) is used to monitor contam- 
ination of optical elements within an optical system. The 
photodetector is aligned to detect nonspecular/diffuse 
reflections (64) attributable to surface irregularities of 
particulate matter residing on the surfaces of the optical 
elements (116,124) within the system. An increase in 
the intensity of the nonspecular reflections corresponds 
to increased levels of contamination on the surface of 
the optical element. An electronic detector circuit (60) 
performs signal processing on the photodetector output 



signal and generates an output signal corresponding to 
the contamination level. In another aspect of the inven- 
tion, the photodetector circuit is incorporated into a Ra- 
man gas analysis system. The invention also provides 
a method for detecting nonspecular reflection in an op- 
tical resonant system by generating and resonating an 
optical energy beam in an optical resonant cavity so as 
to irradiate an optical element within the cavity; detect- 
ing optical energy reflecting off the optical element; and 
generating an output signal functionally related to the 
intensity of the detected optical energy. 
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